We investigate the evolution of ∼ 3 Myr-old MIPS-detected circumstellar disks in IC 348 that may be in an intermediate stage between primordial, optically-thick disks of gas/dust and debris disks characteristic of the final stages of planet formation. We demonstrate that these anemic disks are not a homogenous class of objects corresponding to a unique evolutionary state. Rather, such disks around early (B/A) spectral type stars are most likely warm, terrestrial zone debris disks; MIPS-detected anemic disks around later (M) stars are likely evolved primordial disks such as transition disks in their mid-IR colors, accretion signatures, and disk luminosities. Anemic disks surrounding G and K stars contain both populations. The difference in evolutionary states between anemic disks surrounding early type vs. late-type stars is consistent with a mass-dependent evolution of circumstellar disks from the primordial disk phase through the debris disk phase. Specifically, disks characteristically get to the debris disk phase faster for early-type stars; debris disks dominate the disk population of early-type stars by ∼ 3-5 Myr. Debris disks take ∼ 13-30 Myr to dominate the disk population around late-type stars.
Introduction
The circumstellar environment around young stars at an intermediate stage between primordial disks of gas and dust and mature planetary systems is a critically important yet Debris disks are typically optically thin at all wavelengths and are characteristic of active planet formation (e.g. Backman and Paresce 1993; Kenyon and Bromley 2004) . Debris disks typically have 'cold' dust emission (T 200 K) . Warm debris disks indicative of terrestrial planet formation exist but are rare around ∼ 10 Myr-old stars (Currie et al. 2007a; Silverstone et al. 2006) . Debris disk emission peaks at ∼ 10-20 Myr (Currie et al. 2007c ) but then decays as mature planetary systems emerge (Rieke et al. 2005; Currie et al. 2007c ).
Understanding the evolution from gas-rich primordial disks to gas-poor debris disks for a range of stellar masses is critically important for planet formation. Studies of 1 Myr-old stars like those in Taurus indicate that the frequency of disk emission is independent or weakly dependent on spectral type/stellar mass. However, there is good evidence for a stellar-mass dependent frequency of disk emission at later ages. For example, the few stars in 13 Myr-old h and χ Persei with mid-IR dust emission harbor debris disks. The frequency of debris disk emission is spectral type dependent (Currie et al. 2007a ) and wavelength dependent (Currie et al. 2007a,c) . At a given age the spectral type of a star is correlated with a unique stellar mass; longer wavelength observations probe colder dust from disk regions more distant from the star. Therefore, these trends indicate that the planet formation responsible for producing the dust runs to completion at different rates for 1) different mass stars and at different rates for 2) different regions in the disk. Thus, while most/all stars may be born with the building blocks of planet formation, planet formation may proceed at different rates for different stellar masses and disk locations.
With an age of ∼ 3 Myr, stars in the IC 348 Nebula (Herbig 1998) in between the epoch when most stars have flared, accreting, optically-thick primordial disks (∼ 1 Myr) and the epoch where disks are rarely optically thick (∼ 10 Myr). By studying clusters with this age, we explore disk evolution when the primordial dust grains are incorporated into planetesimals, identifying sources that may be in an intermediate stage between a primordial disk and a cold debris disk. By comparing results from IC 348 to other clusters of different ages, we can see whether the rate at which primordial disks evolve into debris disks also depends on stellar mass.
Recently, Lada et al. (2006) have discovered a class of objects -anemic disks -in IC 348 which may be in such an intermediate stage. These sources are identified by the 3.6-8 µm IRAC SED slope -α=dlog(λ Fλ)/dlog(λ) -and have α 3.6−8 from -2.56 to -1.8. Thus, they have emission in excess of a stellar photosphere through 8 µm (α 3.6−8,photosphere ≤ -2.56) but weaker than optically-thick primordial disks (α 3.6−8,photosphere ≥ -1.8). They span a wide range of spectral types from A0 through late M and comprise a large fraction of the total disk population in IC 348. Thus, anemic disks are an important component of the disk population which may constrain the primordial-to-debris disk transition. However, the physical state of anemic disks has not been identified, so it is not clear whether they correspond to evolved primordial disks or debris disks with weak IRAC emission.
Understanding what the observable properties of anemic disks physically correspond to is important for placing them in the overall context of circumstellar disk evolution. If anemic disks correspond to a unique evolutionary state this may indicate that disks evolve to the debris disk phase at the same rate regardless of stellar mass. If the physical conditions these disks correspond to differ from early-type stars to late-type stars, then stars may reach the debris disk phase at different rates.
In this paper, we investigate the evolution from primordial to debris disks around young stars by constraining the evolutionary state of anemic disks in IC 348. To diagnose the physical conditions within anemic disks, we analyze their near-to-mid IR colors, identify accreting sources, constrain the disk temperatures and luminosities, model the spectral energy distributions (SEDs) of the sources, and compare their properties to those of other disks of comparable or slightly greater age. Anemic disks do not comprise a homogenous group of objects and thus do not identify a unique evolutionary state in disks. Early spectral type (B/A) anemic disks are most likely warm, optically-thin debris disks; later spectra-type (mid-K/M) anemic disks are evolved primordial disks such as transition disks with large inner holes but optically thick emission at ≈ 24 µm. The anemic disk population associated with G0-K0 stars contains both populations. The properties of these anemic disks have important implications for circumstellar disk evolution. Debris disks dominate the disk population of early-type stars in young clusters by ∼ 3 Myr. The timescale for debris disks to dominate the disk population of K and M stars is an order of magnitude longer, greater than ≈ 10 Myr. Analyzing 'anemic disks' may yield important clues to evolution of planet-forming disks as a function of stellar mass and deserve further study.
The IC 348 Sample

The IC 348 Cluster/Stellar Population
Located ∼ 320 pc distant in the Perseus molecular cloud, the IC 348 Nebula is one of the best known and well-studied young open clusters (Muench et al. 2007; Herbig 1998) . Work by Strom et al. (1974) and Herbig (1998) suggested that IC 348 may have a wide age spread indicative of ongoing star formation. Muench et al. (2007) refined this point by showing that cluster members have a median age of 2-3 Myr with a characteristic age spread of ∼ 2.5 Myr. However, some IC 348 members may be as old as ∼ 10 Myr old (Herbig 1998) . The cluster contains sources spanning a wide range of stellar evolutionary states from starless cores to pre-main sequence stars without detectable disk emission.
Recent work also provides better constraints on the stellar population of IC 348. Using the K-band luminosity function, Muench et al. (2003) showed that the cluster likely contains at least 300 members. Using a combination of Spitzer photometry and optical/near-IR spectroscopy, Muench et al. (2007) bring the total number of IC 348 members to ∼ 360. The initial mass function of the IC 348 population follows a Salpeter-like slope for stars more massive than 0.7 M ⊙ but flattens for lower masses (Muench et al. 2003) . With a ∼ 2σ significance, the IMF also varies radially in the substellar mass regime: the IMF is biased towards lower-mass stars in the core regions.
The cluster exhibits a highly-variable extinction with typical values of A V ∼ 2 but extrema of A V ∼ 0.5-1 and ∼ 10-13, where the cluster core and (southern) protostellar ridge contain largest dispersion in extinction (Muench et al. 2007) . Given the diffuse nebular emission, the cluster suffers from high IR background which impacts the survey completeness of Spitzer (Lada et al. 2006 ).
Data
The Sample and Observed/Dereddened Near-Infrared Colors
To analyze the evolutionary states of disk-bearing stars in IC 348, we collected published optical and infrared photometric data and spectroscopic data. Sources were selected from the Lada et al. (2006) IRAC/MIPS catalogue, which yielded photometric data from 3.6 µm through 24 µm, optical extinction (A V ), spectral types, and disk types (primordial, anemic or diskless). We collected BVI photometry of IC 348 sources from Luhman et al. (2003) , Herbig (1998), and Luhman et al. (2005) , near-IR JHK s photometry from 2MASS, and bolometric luminosities from Muench et al. (2007) .
Nearly all of the 307 sources in the Lada et al. (2006) sample have spectral types (304) and A V values (295). Most have 2MASS measurements (280), I-band data (270), and IRAC 8 µm measurements (265). Completeness in the MIPS 24 µm band is poorer (88 sources), though many sources without MIPS detections are either not detected in the 8 µm IRAC channel (35) and/or have photospheric colors through 8 µm (128) and are not classified as thick or anemic sources 2 .
The sources were dereddened using optical and infrared extinction laws from Bessell and Brett (1988) and Indebetouw et al. (2005) and the derived extinction from (Muench et al. 2007 ). Figure 1 shows the observed and dereddened J-H/H-K s color-color diagram. Many sources in the observed color-color diagram lie above the main sequence locus of colors in the reddening bands. Dereddening these stars moves the majority of them onto the locus, which indicates that their emission is largely (heavily extincted) photospheric emission. A smaller population of sources have H-K s colors redder than any predicted for stellar photospheres and/or lie along the Classical T Tauri Star locus (Meyer et al. 1997 ). These stars have near-IR colors consistent with hot circumstellar disk emission.
Analyzing the Disk Population
To classify the stellar sources in IC 348, Lada et al. (2006) relied on the slope of the SED from 3.6 µm to 8µm, which identified a separation of disks into thick (α [3.6]−[8] ≥ -1.8), [24] color. We use the K s -[8] color to identify sources with warm disk emission to discriminate between sources with strong, weak, or no excess.
Adding the K s -[24] color allows us to discriminate between sources with strong and weak 24 µm disk emission. Because warm debris disks may have weak IRAC excess from disks (Currie et al. 2007b) , this color provides a useful constrain on the evolutionary state of the disk. At long wavelengths, debris and evolved primordial disk colors are very different. Debris disks typically have 3 magnitude excesses at 24 µm. The most massive debris disks around early-type stars -such as HR 4796A (Low et al. 2005) and 'Source 5' from Currie et al. (2007b) (hereafter h and χ Per-S5) -have 4-5 magnitude excesses. In contrast, models suggest that evolved primordial disks such as transition disks around early (late) type stars can have K s -[24] excesses of ∼ 6-7 (5-6), sometimes even larger than primordial disks 3 (Currie et al. 2007b) , which is consistent with colors of late-type transition disks in Taurus and the TW Hya Association (Kenyon and Hartmann 1995; Low et al. 2005) .
Thus, in the next subsection, we first analyze the MIPS-detected population as a function of spectral type using first the K s -[8] color 4 -similar to the [3.6]-[8] IRAC slope from Lada et al. (2006) -and then the K s -[24] color. We also analyze the population without MIPS detections. We divide the IC 348 sample up by disk type (thick, anemic, and diskless) according to the designations of Lada et al. (2006) and by spectral type (earlier than G0; G0 and later). There are 70 anemic disks, 91 thick disks, and 136 diskless sources in this sample: 10 sources were not classified.
Near-to-Mid IR Colors of MIPS-detected Sources for Different Disk Populations
The dereddened K s -[8] colors as a function of spectral type are shown in Figure 2 . The diskless, anemic, and thick sources are clearly separated in a blue to red sequence of colors across the entire range of spectral types. Diskless sources (crosses) have K s -[8] colors ranging from ∼ 0 to 0.2 from A0 to M6/M7. Anemic sources (asterisk for the source earlier than G0; squares for later sources) are slightly redder (K s -[8] ∼ 0.2-1.25) and have weak excesses. Finally, thick sources (triangles for sources earlier than G0; diamonds for later sources) are systematically redder, with K s -[8] ∼ 1-3. Thus, the dereddened K s -[8] color shows the same qualitative class separation as the observed α [3.6]−[8] from Lada et al. (2006) .
In contrast, the dereddened K s -[24] colors of IC 348 do not show the same separation by SED class derived from α [3.6]−[8] (Figure 2 ). The 24 µm excess is strongly spectral-type dependent. Thick disks around early type stars (triangles; below the bottom dotted line) yield K s -[24] ∼ 4-5. The early-type anemic disk (asterisk) has a weaker 24 µm excess of ∼ 1.5 mags. Interestingly, 3/4 early-type stars classified as diskless (crosses) have a clear 24 µm excess, the magnitude of which (∼ 1.5) is indistinguishable from the anemic disk.
The K s -[24] distribution for stars later K0 (above the top dotted line) is far different. Thick disks (diamonds) have K s -[24] colors ranging from ∼ 3.5 to 6; thick disks between K0 and ∼ M0 have an even smaller range of excesses (4.5-6). Unlike for early-type stars, the thick disk and anemic disk (open squares) colors are indistinguishable, and 24 µm excesses from late-type anemic disks are much larger than for the early-type anemic disk. The difference between the K s -[24] colors for stars earlier than G0 and later than K0 is statistically significant. A Kolmogorov-Smirnov test reveals that these two populations have a probability of 0.08% of being drawn from the same parent sample (0.09% for the disk bearing population of thick and anemic disks).
The sample of stars with spectral types between G0 and K0 contains stars with weakly emitting anemic disks like those surrounding A/F stars and stars with stronger excesses characteristic of late-type disks. One diskless G1 star has a ∼ 1 magnitude K s -[24] excess while one anemic disk (G3 primary) has ∼ 2.7 mag excess, slightly redder than the early-type anemic disk. The other two anemic disks have a much stronger ∼ 5.5 magnitude excess more similar to late-type disks. The K s -[24] colors for these two anemic sources are redder (or have stronger 24 µm fluxes relative to K s ) than its two thick disk counterparts even though its emission at 8 µm is 1-2 mags bluer (weaker). Figure 4 shows the K s -[8] and K s -[24] distributions for sources without MIPS detections. All but one of these sources earlier than M0 were classified as diskless sources in Lada et al. (2006) , so incompleteness in the MIPS band has a negligible impact on identifying the evolutionary state of anemic disks earlier than M0. Most of the anemic disk sources without MIPS detections are later than M4.
Anemic Disks without MIPS 24 µm Detections
However, completeness does impact our analysis of stars later than M0. Only one latetype diskless source was detected by MIPS whereas 121 were not detected. Furthermore, the number of anemic disk-bearing sources without MIPS detections is large compared to the overall sample of anemic disks. Of the 70 anemic sources in this sample, only 19 have MIPS detections. The non detections for these sources and the late-type diskless sources impact our conclusions about whether or not the mid-IR colors for the entire population of early and late-type stars differ.
We analyze the effect that these upper limits have on our ability to contrast the early and late-type disk populations in the following way. First, we analyze an optimistic scenario by comparing the two populations assuming that the sources not detected by MIPS have fluxes corresponding to their upper limits. Under this assumption, a KS test reveals a likelihood of 0.007% that the ≤ G0 and ≥ K0 populations are the same. The Wilcoxon Rank-Sum test, which allows one to which of the two populations have statistically significant larger excesses, shows that the late-type stars have larger excesses (Z value of ∼ 3.93).
Second, we employ more robust statistical tests using the ASURV Survival Analysis package Rev 1.2 (Isobe and Feigelson 1986; LaValley et al. 1992) , which can compute correlations between two populations with censored data (non detections). Because our goal is to compare the early vs. late-type K s -[24] colors, we treat the data as univariate and compare the two populations using the Gehan's General Wilcoxon Test (Permutated Variance and Hypergeometric Variance), the Peto-Prentice Generalized Wilcoxon Test, and the Kaplan-Meier Estimator. The three Wilcoxon tests yield the probability that the early and late-type disk populations are drawn from the same population and can identify which of the two populations have larger 24 µm excesses (including non detections). The Kaplan-Meier Estimator yields the likely mean value of the K s -[24] for the early and late-type populations, including non detections. Table 1 , in spite of the high number of upper limits, the Wilcoxan Tests compute a probability of ∼ 0.004-0.03 that the early and late-type disk colors are drawn from the same population. Furthermore, the Kaplan-Meier Estimator computes a mean color for early sources of ∼ 2.04 and a much larger mean color of ∼ 3.48 for later sources. However, for this analysis to be reliable, the censoring of the data must be 'random'. While the location of some sources against the high-IR background regions is in some sense 'random' (e.g. not a strong function of the brightness of the source), the greater incompleteness for later-type sources is more likely to be driven by their characteristically fainter fluxes, which is not random.
As shown in
In a more conservative approach, we assign a random K s -[24] excess for the non detections ranging between 0 and 5 centered on 1-3 magnitudes (similar to debris disk values). In this case, KS tests show that the probability of difference between the two samples decreases ( Table 2 ). The probabilities that the two samples are drawn from the same population from 13% to 65%, which indicates that with so many upper limits it is still possible that the two populations as a whole do not differ.
Some of the remaining anemic disk sources can be removed from consideration. Cieza et al. (2007) argue that 18 of the anemic disk sources 5 do not have disk excess in the IRAC bands and were misidentified as disk-bearing sources because of the intrinsically redder photospheres of late-type stars and the larger photometric errors for these later sources.
We remove likely photospheric sources in a slightly different fashion. Following Currie et al. (2007a) , we define sources with dereddened K s -[8] colors less than 0.3+σ([8]) as photospheric sources 6 . This criteria is reasonable because the photospheres of mid-M stars (M3-M6; which comprise nearly all of the anemic disk population without MIPS detections) have intrinsic K-L colors of ∼ 0.3-0.4 (Kenyon and Hartmann 1995 Despite the questionable evolutionary states of nearly half of the late-type anemic disk sources, the anemic disks without 24 µm detections still outnumber those with detections (28 vs. 19). Therefore, in the rest of the paper, we qualify our statements about the early and late-type disk populations by saying that they apply only to the MIPS-detected population. After analyzing the MIPS-detected disk population in IC 348, we revisit the nature of the entire early and late disk populations for ∼ 3 Myr-old clusters in the discussion section.
Constraining the Evolutionary State of Anemic Disks: Evidence for a Heterogenous Population
The difference in 24 µm excesses for MIPS-detected anemic disks surrounding early vs. late-type stars may be due to a difference in evolutionary states. The ∼ 1-2.5 magnitude excesses from some early-to-G type diskless and anemic sources is characteristic of excesses in young ∼ 5 Myr-old stars with debris disks (e.g. Hernandez et al. 2006 ). The larger excesses around late-type stars are comparable to evolved primordial disks such as those surrounding TW Hya and Hen 3-600 (K s -[24] ∼ 6 and 5.2 respectively; cf. Low et al. 2005; Currie et al. 2007c) . To further explore this possibility we analyze the IC 348 disk population in terms of derived properties that can discriminate between different evolutionary states: circumstellar gas content and disk luminosity.
Gas Content of Anemic Disks
The debris disks and evolved primordial disks differ primarily by their gas content as transition disks may still be accreting but debris disks do not. While the inner regions of evolved primordial disks such as transition disks may be cleared of or deficient in dust and sometimes gas, outer disk regions are typically optically-thick and may contain large reservoirs of gas (Brown et al. 2007 ). Detection of even trace amounts of circumstellar gas in debris disks is limited to just a few systems (France et al. 2007; Roberge and Weinberger 2007; Dent et al. 2005) . Circumstellar dust in gas-rich disks are coupled to the gas, whereas the dynamics of dust in gas-poor disks is dominated by the stellar radiation field. IC 348 shows evidence for a spectral type-dependent frequency for gas accretion, similar to that reported in h and χ Persei by Currie et al. (2007d) . About 41% (7/17) of anemic disks with MIPS detections later than G0 have EW(H α ) ≥ 5Å and thus may be accreting, while ∼ 30% of such sources (5/17) have EW(H α ) ≥ 10Å. The fractions are comparable for sources with spectral types of M0 or later. However, none of the sources earlier than G0 (0/11) show evidence for accretion, including the A2 star with an anemic disk. For the anemic sources without MIPS detections, 26/51 have EW(H α ) ≥ 5Å and 11/51 have EW(H α ) ≥ 10Å all of which are later than K0. The ∼ 30-40% frequency of strong H α emission around later-type anemic disks implies that many of these anemic disks have gas reservoirs too massive for debris disks. The lack of gas accretion for the early-type anemic disk is more consistent with being a debris disk.
Fractional Luminosities of Anemic Disks
The luminosities of debris disks and evolved primordial disks also differ significantly. Evolved primordial disks have fractional disk luminosities, L D /L⋆, of ≈ 0.1, which is comparable to that for accreting T Tauri stars (Low et al. 2005) . Optically-thin debris disks, on the other hand, have much weaker disk emission, where L D /L ⋆ ∼ 10 −5 -10 −3 . There is about a factor of 20 difference between the most luminous debris disks -such as h and χ Per-S5 with L D /L ⋆ ∼ 6×10 −3 (Currie et al. 2007c ) -and evolved primordial disks like Hen 3-600 (L D /L ⋆ ∼ 0.1). Thus, the fractional disk luminosity provides another way to determine the evolutionary state of anemic disks around early and late type stars.
To compute the fractional disk luminosity, L D /L ⋆ , we first fit a disk model to the 2MASS, IRAC, and MIPS data. The 2MASS, IRAC, and MIPS magnitudes were converted to λ F λ using the zero-point fluxes from Cohen et al. (2003) , Reach et al. (2005) , and Gordon et al. (2005) . We assume that the stellar photophere contributes most of the flux at H band and scale the stellar blackbody to match the observed H band flux 7 . Then the circumstellar disk component was added. We used two models. First, we fit the excess emission to a blackbody of a single temperature. This should be accurate for sources with weak excess/photospheric 8 µm emission and 24 µm excess. Sources with strong excess emission in the short-wavelength IRAC bands as well as MIPS bands might not be accurately modeled by a single blackbody. Therefore, we added a second model with two populations of dust: 'hot' and 'cold'. For the single dust disk model, we allowed the disk temperature to vary between 120 K and 1000 K. For the two population model, the hot dust was varied in temperature from 250 K to 1250 K and the cold dust varied from 50 to 245 K. To determine accuracy of each model fit, we compute the χ 2 parameter:
where the errors (σ(F λ )) are 5σ errors and we used data from K s through 24 µm to minimize χ 2 (e.g. Augereau et al. 1999; Currie et al. 2007c ). The SED models were varied to find T d,min(χ 2 ) for each blackbody model. The one dust population and two dust population model fits were compared, and the fit with the smallest χ 2 was chosen as the dust temperature.
The fractional disk luminosity was computed using standard methods (e.g. Habing et al. 2001; Currie et al. 2007c ). Briefly, from the calculated flux of the single-temperature dust at each wavelength we determined the integrated flux (∝ σT 4 d ) of the dust population. The integrated flux of each dust population was then added (for a two-population model) and divided by the integrated flux of the star (assuming a distance of 320 pc). Figure 5 shows the distribution of errors using the best-fit models. No trend of disk classification vs. χ 2 is apparent except that late-type anemic disks have a smaller dispersion in χ 2 values than thick disks of the same spectral type. Most sources have χ 2 ∼ 1 − 10. For anemic disk sources the difference in errors between the model fits was typically small and the computed fractional disk luminosity agreed to within ∼ 10% in most cases. The larger χ 2 values were typically due to the very small photometric errors in the IRAC and MIPS bands.
We show representative spectral energy distributions of sources fit with a single dust component and two dust components in Figure 6 . The dust populations of thick disks and perhaps anemic disks are unlikely to be comprised of one or two single-temperature annuli as assumed in the models. However, the one and two dust component models accurately reproduce the broadband near-to-mid IR fluxes and, thus, provide a good estimate of the fractional disk luminosity.
The fractional disk luminosities, shown in Figure 7 for all sources with 24 µm excess, show a clear difference between early-type anemic disks and late-type anemic disks. Except for one source, late-type (later than M0) anemic disks have L D /L ⋆ between ∼ 0.05 and 0.2. These sources are only slightly less luminous than thick disks (L D /L ⋆ ∼ 0.05-0.5). The luminosity of the early-type anemic disk is a factor of 100 lower, L D /L ⋆ ∼ 10 −4 , and more similar to that of the two early-type 'diskless' sources with 24 µm excess.
Early-type anemic disks are most similar to young debris disks while late-type anemic disks are more similar to evolved primordial disks. To demonstrate this point we overplot (solid squares) several sources from the research literature with well-constrained evolutionary states: (counterclockwise from top-left) AB Aurigae, 49 Cet, h and χ Per-S5, AU Mic, and Hen 3-600A (Natta et al. 2001; Sylvester et al. 1996; Currie et al. 2007c; Chen et al. 2005; Low et al. 2005) . AB Aur is an A star with an optically-thick primordial disk and L D /L ⋆ ∼ 0.4, while Hen 3-600A is a M-star transition disk with L D /L ⋆ ∼ 0.1. The other sources -49 Cet, h and χ Per-S5, and AU Mic -are luminous debris disks of spectral types A0, F9, and M3, respectively.
All late-type anemic disks are 20-100× more luminous than the AU Mic debris disk and have comparable luminosities to the transition T Tauri star Hen 3-600A. Early-type anemic disk luminosities show a strong similarity to those for known debris disks. The luminosities of the early type anemic disk and 'diskless' stars with 24 µm excess range from 10 −4 to 10 −3 . The levels of emission from these weaker disks are not consistent with thick, primordial disks like AB Aur or evolved primordial disks like Hen 3-600A but are more similar to the 49 Cet debris disk. The early-type 'thick' disks, surprisingly, also show a similarity to debris disks because their disk luminosities are lower than ∼ 10 −2 and they lack evidence for gas accretion. These features would indicate that IC 348 harbors very massive, early-type debris disks, or transition disks undergoing photoevaporation. However, it is not clear that both of these sources are 1) ∼ 3 Myr old and/or 2) at 320 pc as assumed in these calculations (see §4). The evolutionary state of these sources is uncertain.
Anemic disks around G0-K0 stars may be comprised of both evolved primordial disk and debris disk populations. One G1 anemic disk source has a fractional luminosity (∼ 5×10 −3 ) slightly less than that of the most luminous debris disk in h and χ Persei. Its disk luminosity, ∼ 2.7 magnitude 24 µm excess, and lack of gas accretion then indicate its similarity to the earlier-type 'diskless' sources and anemic disk, which are identified as a debris disks. The other two G0-K0 anemic disks have disk luminosities that overlap with the distribution of L D /L ⋆ for late-type anemic disks, have stronger 24 µm excess, and show evidence for gas accretion. These sources are then more similar to the late-type anemic disks, which are identified as evolved primordial disks.
Warm Debris Disk Candidates in IC 348: Possible Evidence for Early Terrestrial Planet Formation
The anemic disk population with low fractional luminosities ( 10 −2 ) show evidence for warm dust emission that is consistent with terrestrial planet formation. Figure 8 shows the dust temperatures of sources with fractional luminosities below 1.5×10 −2 , at least marginally consistent with debris disks, as a function of spectral type. For comparison, we overplot the spectral types and temperatures for known warm debris disks h and χ Per-S5, EF Cha, HD 113766A, and NGC2547-ID7-as well as cold debris disks surrounding β Pic and HR 4796A (Currie et al. 2007b; Rhee et al. 2007; Gorlova et al. 2007; Low et al. 2005 ). The early-type anemic disk and G1 anemic disk have dust temperatures (270 K and 400 K) and spectral types (A2 and G1) similar to known warm debris disks around early/intermediate spectral-type stars: h and χ Per-S5, EF Cha, and HD 113766A. The fractional disk luminosities, lack of accretion signatures, and warm dust temperatures indicate that these two sources' emission is consistent with debris emission from terrestrial planet formation (e.g. Kenyon and Bromley 2004) . The two thick disk sources (triangles) also have dust temperatures consistent with warm or hot debris disks, though the evolutionary state of these sources is less certain.
The diskless sources with 24 µm excess have colder dust at 120-230 K. Because these sources only have clear disk emission in the MIPS bands, the dust temperatures shown should be considered upper limits. The late-type anemic disk source has a fractional luminosity that is marginally consistent with a debris disk (L D /L⋆ ∼ 0.015) but may also be a transition disk. Interpreted as a debris disk, this source has a dust temperature of ∼ 230 K, similar to the warm debris disk in NGC 2547 from (Gorlova et al. 2007 ). These results suggest that 1) warm debris disks indicative of terrestrial planet formation may emerge as early as ∼ 3 Myr around early/intermediate-type stars and 2) even at 3 Myr debris disk populations may exhibit a range of dust temperatures consistent with a range of locations over which the debris-producing stages of planet formation are ongoing.
Evolved Primordial Disks: Transition Disks vs. Flat Disks with Dust Settling
The [8]-[24] colors of the late-type, anemic/evolved primordial disk population provide a way to subdivide the population into transition disks and geometrically-flat opticallythick disks with dust settling/evolution. Figure 9 shows the [8]-[24] colors for the evolved primordial disk population. The dotted line divides sources with declining SEDs from 8µm to 24 µm ( consistent with flat disks) and those with rising SEDs (transition disks). About six of the 16 evolved primordial disks have SEDs more consistent with transition disks, whereas the others have SEDs more typical of geometrically flat, optically-thick disks with dust evolution/settling. These two evolved primordial disk populations have comparable disk luminosities (bottom panel of Figure 9 ).
The distribution of sources with [8]-[24] colors expected for transition disks vs. those simply with dust settling/evolution shows a strong trend with spectral type. Specifically, all evolved primordial disks earlier than M4 have [8]-[24] colors indicative of a rising SED and are thus more consistent with transition disks. All sources with a falling SED have spectral types between M4 and M7.
Anemic Disks and Circumstellar Disk Evolution
In standard theories of circumstellar disk evolution, the debris disk phase emerges after the primordial, optically-thick disk has formed km-sized planetesimals and nebular gas has dissipated to levels far below their initial abundance. The evolved primordial disk phase may mark an intermediate point between the primordial and debris disk phases. In this section, we investigate the connection between anemic disks and the time evolution of circumstellar disks. We first see whether or not anemic (debris and evolved primordial ) disks are older than their 'thick', primordial counterparts. Then we compare the anemic disk population in IC 348 to other well-studied clusters at ages from 3 to 30 Myr to analyze circumstellar disk evolution for a range of stellar masses.
The Ages of Anemic Disks vs. Primordial 'Thick' Disks in IC 348
To study the age distribution of different types of disk-bearing sources in IC 348, we first use a standard Hertzsprung-Russell diagram. We adopt the luminosity of each source from Muench et al. (2007) , which is estimated from the dereddened J-band flux. Comparing the J-band data to the χ 2 fit of a star+disk system in §3 shows that the J-band flux is almost exclusively photospheric in origin except for embedded Class I sources (see Kenyon and Hartmann 1990) . The stellar effective temperature, T e , was also taken from Muench et al. (2007) . Errors on the luminosity (and thus age) of each source result from distance and reddening uncertainties were added in quadrature (see Muench et al. 2007 ). Figure 10 shows the position of each source on the HR diagram. Sources without MIPS detections are plotted as small black stars while sources with MIPS detections are plotted with the same symbols as before. We overplot the Siess et al. (2000) isochrones (assuming color conversions from Kenyon and Hartmann 1995) for stars of 1 Myr, 3 Myr, 6 Myr, and 10 Myr old and include the zero-age main sequence (MS). Most 'thick' disk sources with 24 µm data and sources without 24 µm detections appear to be scattered from 1 to 6 Myr, slightly larger but still consistent within errors with the ∼ 2-3 Myr age spread found by Muench et al. (2007) using the Baraffe et al. (1998) isochrones. While the spread in anemic disk ages is larger (2-10 Myr), it is not clear that anemic disks are systematically older than their primordial, 'thick' counterparts.
Better estimates of the source extinction from UV through mid-IR SED fitting and more precise parallax measurements could better constrain the stellar and circumstellar properties of IC 348 sources. For example, we find that one of the two early-type 'thick' stars is nearly on the MS and has a best-fit age of ∼ 10 Myr. While this may suggest the star is much older than the median IC 348 age, the error bars on the luminosity (overplotted with the same color) indicate the source is also marginally consistent with a ∼ 3-5 Myr age. The other early-type 'thick' source has a trigonometric parallax measurement of ∼ 4.52", or a distance of ∼ 221 pc from the Hipparcos catalogue. The stellar luminosity from Muench et al. (2007) used to compute L D /L ⋆ assumed a distance of 320 pc, so if the star were at 221 pc it would have a luminosity of ∼ 56 L ⊙ , not 117 L ⊙ . This would result in an age of ∼ 4-5 Myr and a fractional luminosity of ∼ 1.1×10 −2 . However, the parallax errors indicate that the source is also consistent with the assumed cluster distance. Radial velocities are also useful to characterize the stellar population and perhaps identify interloping young stars.
Comparisons with Other Clusters: Evidence for a Mass-Dependent
Primordial-to-Debris Disk Transition
To investigate a mass-dependent evolution of circumstellar disks, we compare the disk population in IC 348 to the population in other 30 Myr-old clusters. We identify a clear evolutionary sequence from primordial to debris disks that strongly depends on the stellar mass.
3-5 Myr old clusters: σ Orionis (3 Myr) and Upper Scorpius (5 Myr)
We first compare the IC 348 data to the 3 ± 1 Myr-old cluster σ Orionis ). analyzed the IRAC and MIPS colors for σ Ori, identifying the IRAC SED slope of each source as in Lada et al. (2006) and labeling them as Class I protostars; Class II T Tauri stars/Herbig AeBe stars with strong, optically-thick emission; Class III stars without detectable disk emission through 24 µm; transition disks identified as sources with weak/negligible IRAC emission but a K s -[24] color redder than ∼ 3.3; and evolved disks with weak IRAC and MIPS emission. The evolved disks and transition disks have colors most similar to anemic disks in IC 348.
To compare the σ Ori sources with IC 348 stars, we analyze the MIPS and IRAC excesses of σ Ori. The reddening to σ Ori is very low (E(B-V) ∼ 0.05; Brown et al. 1994) . For a 3 Myr-old cluster, the Siess et al. (2000) isochrones indicate that sources between 0.5 and 5 M ⊙ cover a wide range in J magnitudes (8) (9) (10) (11) (12) (13) (14) (15) , so that the J magnitude serves as a useful proxy for the stellar mass.
In Figure 11 , we show that the K s -[8] and K s -[24] color distributions as a function of J magnitude are strikingly similar to the K s -[8, 24] vs. spectral type distributions for IC 348. The few stars with J 10 (greater than ∼ 2.2 M ⊙ ) have either photospheric K s -[24] colors (∼ 0-0.5), have weak excesses of ∼ 1.5-2 or are Class I protostars with ∼ 8 magnitude excesses. Later, lower-mass sources with J 11 detected by MIPS typically have either photospheric K s -[24] colors and lack 8 µm excess or have stronger excesses, typically of K s - [24] 4. Only three sources between J = 11 -12.5 (∼ 0.5-1.5 M ⊙ ) have colors more typical of debris disks, with weak/negligible 8 µm excess and weak MIPS excess emission. Two sources with J ∼ 10-11 have 3 magnitude 24 µm excesses and photospheric 8 µm emission. The other four sources have 8 µm excesses and larger 24 µm excesses. Sources in this magnitude range are similar to the G0-K0 range for IC 348 which had sources with both weak and strong 24 µm excess.
Next, we compare the IC 348 disk population to that for Upper Scorpius. Upper Scorpius is a 5 Myr-old subgroup of the Sco-Cen Association and has a large stellar population with a total mass of ≈ 1000-2000 M ⊙ (Preibisch et al. 2002) . Near-to-mid IR surveys of of Upper Sco through 16 µm have detected the photospheres of M stars (Carpenter et al. 2006 ). Chen et al. (2005) Upper Sco exhibits a mass-dependent evolution of circumstellar disks similar to that for IC 348. First, the frequency of disk emission at 8 µm and 16 µm is higher for B/A stars and K/M stars than for F/G stars. The only F/G stars (∼ 2.2-2.7 M ⊙ at 5 Myr) in Upper Sco with excess (out of ∼ 37 total) are the ISO-detected sources with primordial disks (HD 143006 and HD 144432) and one star with weak MIPS 24 µm excess (Sylvester et al. 1996; Chen et al. 2005) .
Second, and more importantly, the amplitude of disk emission for B/A stars differ from K/M stars and implies that B/A stars have disks in different evolutionary states than K/M stars much like IC 348. B/A stars have disk luminosities less than about twice the stellar photosphere luminosity at 16 µm, similar to the weak excesses in the early-type debris disks in IC 348 and many early-type stars in σ Ori with 24 µm excess. K and (especially) M stars have stronger excesses of ≈ 10-100 times the stellar photosphere at 16 µm which overlap with excesses from primordial, Class II T Tauri stars (Carpenter et al. 2006) . The excesses for late-type stars are then similar to the stronger excesses around later-type stars in σ Ori and IC 348. Finally, as with K/M stars in IC 348, K/M stars in Upper Sco are also far more likely to be accreting: all nine of the sources with EW(H α ) ≥ 30Å in Walter et al. (1994) are later than M0.
A lack of MIPS 24 µm data for Upper Sco sources precludes direct comparisons with IC 348. Spectroscopic data for the full sample of IRAC and MIPS-detected σ Orionis sources would improve comparisons between them and IC 348 stars. Nevertheless, data from these three clusters/associations suggest a mass-dependent evolution of circumstellar disks. Specifically, debris disks dominate the circumstellar environment of early-type, high-mass stars by 3-5 Myr. However, at 3-5 Myr, most late-type stars still have strong excess emission characteristic of primordial/transition disks.
Older clusters: h and χ Persei (∼ 13 Myr) and NGC 2547 (∼ 30 Myr)
After ∼ 10 Myr, primordial disks are rare and debris disks dominate the circumstellar population of young clusters, also showing a stellar mass/spectral-type dependence for disk dissipation (Currie et al. 2007a,b) . The disk populations in the massive Double Cluster, h and χ Persei, and NGC 2547 show evidence for a further mass-dependent evolution of disks away from the primordial disk phase and through the debris disk phase.
The Double Cluster, h and χ Persei, provides strong constraints on the evolution of circumstellar disks owing to its extreme mass (∼ 8,500 -20,000 M ⊙ Bragg and Kenyon 2005; Currie 2008 ). Recent work shows that not only does h and χ Persei lack any primordial disks around its early and intermediate spectral type population (Currie et al. 2007a; Currie 2008) , but MIPS observations fail to find evolved primordial disk sources with K s -[24] ∼ 5-6 through early/mid F spectral type (Currie et al. 2007c ). One source with K s -[24]∼ 5.5 was detected, but it is likely later than mid/late F type based on its fainter near-IR fluxes (Currie et al. 2007c ). The disk population so far appears to be comprised almost exclusively of debris disks with a wide range of disk masses and luminosities. Future MIPS observations will detect debris disks with weaker excesses, massive debris disks around solar-mass stars as well as any later-type evolved primordial disks.
NGC 2547 shows further evidence for the dominance of debris disks in the total disk population. All early-type sources with 24 µm excess are most consistent with debris disks. For intermediate spectral types (G0-K0) all but one are debris disks. Finally, the majority of disks around late-type stars (K0 or later) are likely debris disks.
By comparing the IC 348 disk population to the disk population at a variety of later ages, we conclude that high-mass, early-type stars typically get to the debris disk phase faster and dominate it sooner. Debris disks around early-type stars can emerge as early as ∼ 3 Myr and dominate the population by 3-5 Myr. Debris disks take 13-30 Myr to dominate the disk population around lower-mass, later-type stars. Therefore, not only may planet formation run to completion faster around earlier-type stars (Currie et al. 2007a; Currie 2008) , but the seed material for planets may be incorporated into planetesimals faster as well.
Summary
In this paper, we analyzed the evolutionary state of anemic disks in IC 348. From their near-to-mid IR colors, accretion signatures, and disk luminosities, we demonstrated that anemic disks can correspond to both warm debris disks and transition disks. Anemic disks surrounding early-type stars are most likely warm, optically-thin debris disks; (at least the majority of) anemic disks surrounding later-type stars are more similar to evolved primordial disks. By G spectral type, the disk population switches from being debris disk-dominated to (evolved) primordial disk dominated.
The mass-dependent evolutionary state of disks in IC 348 is similar to observations of other 3-5 Myr-old clusters, specifically σ Orionis and Upper Scorpius. Comparisons of the disk populations of these three clusters as well as older clusters, h and χ Persei and NGC 2547 suggest that disks around early-type stars reach the debris disk phase faster and dominate it sooner: it takes ∼ 13-30 Myr for debris disks to dominate the disk population around late-type stars but only ∼ 3-5 Myr around early-type stars.
To better constrain the evolutionary state of disks in IC 348, deeper near-to-mid IR data for late-type stars is needed. The statistical tests presented in this paper favor a massdependent evolutionary state of anemic disks. However, it is not known how many late-type stars have photospheric colors through the IRAC bands but weak MIPS 24 µm excesses given the large upper limits on the K s -[24] colors. Such sources would most likely harbor debris disks, especially if they lack accretion signatures. The presence of these sources may impact our conclusion that debris disks dominate the disk population at later times for lower-mass stars 8 . However, given the extremely high 24 µm background emission in IC 348, improvements upon the current sensitivity are extremely difficult. Spectroscopy of σ Orionis sources and 24 µm data for Upper Sco would allow for more direct comparisons between IC 348 and other clusters to better investigate the mass-dependent evolution of circumstellar disks.
I thank Nadya Gorlova, James Muzerolle, and Scott Kenyon for useful discussions that motivated the writing of this paper. I also thank Jesus Hernandez for providing an extended dataset for σ Orionis and for useful conversations concerning disks in other clusters. Finally, I thank Charles Lada for an informative discussion that clarified Spitzer observations of IC 348. T. C. received funding from a SAO Predoctoral Fellowship. color for the non detections centered on a median color given above and a standard deviation equal to either 0.5 or 1 times the range of observed colors. Overplotted are the Classical T Tauri star locus (Meyer et al. 1997 ) the reddening bands, and the main sequence locus from Siess et al. (2000) transformed into the 2MASS photometric system. The cluster shows strong evidence for a population of highly-extincted stars. (60) denotes an A0 (M0) star. The early spectral-type anemic disk has a much weaker 24 µm excess than K/M anemic disks, and several early-type 'diskless' stars clearly have 24 µm excess at levels comparable to the anemic disk. The 24 µm excesses from anemic disks later than K0 are indistinguishable from primordial disks. Anemic disk sources between G0 and K0 (between the dotted lines) appear to have characteristics of both populations. Fig. 3 .-H α equivalent width versus spectral type for different disk classes for MIPSdetected sources (top) and those without MIPS detections (bottom). Almost half of the late-type anemic disks shows evidence for accretion by their large EW(H α ) values whereas the early-type anemic disk does not. The G-type anemic disk with weak excess lacks accretion signatures whereas the two sources with excess more characteristic of late-type anemic disks show evidence for accretion. Stars earlier than M0 without 24 µm detections typically lack IRAC excess and were classified as 'diskless' stars by (Lada et al. 2006) . The majority of late-type anemic disk sources shown here are later than ∼ M5, where the reported IRAC excess may be due to larger photometric errors (Cieza et al. 2007 ).
Fig. 5.-
The χ 2 distribution of the star+dust blackbody fits to the 2MASS, IRAC, and MIPS data. The χ 2 value is minimum of the best-fitting one dust population and two dust population models and was computed from 2MASS K s , the four IRAC channels, and the MIPS 24 µm channel: χ 2 = n i=0 (λ i F λi,data -λ i F λi,model /σ(λ i F λ data )) 2 using 5σ errors. Model fits for each disk population have comparable errors between χ 2 ∼ 1 and 10. The symbols are the same as before, except that filled purple squares identify sources from the literature with well-constrained evolutionary states: AB Aur, Hen 3-600, 49 Cet, h and χ Per-S5, and AU Mic (counterclockwise from the top left). The early-type anemic disk and many 'diskless' stars are consistent with debris disks. At least one of the two early-type 'primordial disks' may in fact be a massive debris disk, though the membership of both in IC 348 is questionable (see §3). The late-type anemic disks are far more luminous than debris disks and indistinguishable from late-type primordial disks and transition T Tauri stars. Both debris disks and transition disks may be present aroudn G0-K0 stars. colors, the sources' fractional luminosities appear to be the same. Fig. 10 .-Hertzsprung-Russell diagram for sources in IC 348 with symbols the same as before. We include isochrones for 1, 3, 6, and 10 Myr-old sources from Siess et al. (2000) as well as the zero-age main sequence. 
